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The observed performance deterioration is not due to the collapse of the SSZ-39 framework but to metallic Pd particle formation. Furthermore, we also tested the Pd/SSZ-39 material in the catalytic methane combustion. This is an emerging technology to remove methane from the atmosphere since methane has ~25 higher impact as a green-house gas than carbon dioxide (the product of methane combustion).
Pd/Alumina is used commonly for methane combustion, but in the wet streams this material shows rapid deterioration due to Pd(OH)2 formation/PdO agglomeration and structural changes to the alumina support [15] . We have previously systematically studied the structure of Pd/SSZ-13 as a function of the Si/Al ratio (from 6 to 30) at a fixed metal loading. The increase in the hydrophobicity of the zeolite framework with increasing Si/Al ratio results in the progressive agglomeration of PdO particles (and concomitant loss of isolated Pd(II) in the zeolite micropores) on the external surface of the zeolite [8] . These guidelines were utilized [16] to produce relatively stable Pd/SSZ-13 methane oxidation catalysts with high Si/Al ratio. Because PdO is imperative for methane oxidation activity, we hypothesized that synthesizing 3 wt% Pd/SSZ-39 with Si/Al ~12 would provide an even more hydrothermally stable methane combustion material. Indeed, we found that this material was remarkably stable, and survived 800 ºC hydrothermal aging without significant deactivation for methane combustion. In contrast, Pd/Al2O3 and Pd/SSZ-13 both at 3wt% metal loading deactivated dramatically under the same aging conditions. Moreover, this aged material showed stable long-term performance in methane combustion in practically relevant (wet) gas streams.
EXPERIMENTAL METHODS
For the synthesis of SSZ-39 crystals we applied the modified synthesis procedure adapted from [17, 18] , using N,N'-dimethyl-3.5-dimethylpiperidinium hydroxide (DMP) (Sachem Inc.) as structure directing agent (SDA) and FAU zeolite (CBV720 (Si/Al 15) or CBV720 and CBV760 (Si/Al 30) from Zeolyst International) as Si and Al source.
Modifications of the reported procedures was achieved by varying ageing time, chemical composition of the gel and synthesis time. The applied synthesis method is as follows : first 79.5 g of 20 wt% aqueous solution of DMP was slowly added to solution containing 4.0 g sodium hydroxide (Sigma Aldrich, ≥ 99%) dissolved in 16 .0 g of deionized (DI) water and stirred for 20 min. Subsequently, 33 .95 g of FAU zeolite (CBV720, Si/Al=15) was slowly added (20 min) to the above solution under vigorous stirring. The chemical composition of the gel was SiO2 : 0.033 Al2O3 : 0.20 NaOH : 0.20 DMP : 9.2 H2O. The gel was aged under stirring at room temperature for 4 h and transferred into a stainless steel autoclave with a Teflon liner for 9 days under static conditions (when no FAU impurity was longer detected in the crystalline samples with XRD). The synthesized material was washed with DI water until pH ~8.0, washed samples were dried at 90 ºC overnight in standard lab furnace and then calcined at 540 ºC under flow of dry air (synthetic) at a flow rate 100ml/min for 6 hours.
Then, to obtain the NH4-forms from the prepared Na-SSZ-39 zeolite materials ion-exchange was performed with 1M NH4NO3 at 80 ºC for 2 hours with intense stirring (under reflux), zeolite/solution = 1:20, after ion-exchanged samples were washed with DI and centrifuged, procedure repeated at least 3 times using fresh 1M NH4NO3 solution. After ion-exchanged samples were dried at 90 ºC overnight and calcined at 550 ºC overnight in dry air flow. The final Si/Al ratio based on elemental analysis as well as EDS mapping of the as-made crystals was approximately ~11-12.
Na/SSZ-13 zeolite with Si/Al 12 was hydrothermally synthesized using the following recipe: 0.8 g of NaOH (Sigma Aldrich, ≥ 99%) was dissolved in 50 ml of deionized water.
Then, 17 g of TMAda-OH (Sachem Inc., 25% N,N,N-trimethyl-1-adamantyl ammonium hydroxide) was added as structure directing agent. Consequently, 0.75 g of Al(OH)3 (Sigma Aldrich, ~54% Al2O3) was slowly added to the solution and stirred at 400 rpm until it was completely dissolved. Afterwards, 20.0 g of LUDOX HS-30 colloidal silica (Sigma Aldrich, 30 wt% suspension in H2O) was added slowly to the solution until a uniform white gel was formed.
The obtained gel was sealed in a 125 mL Teflon-lined stainless steel autoclave containing a magnetic stir bar. Hydrothermal synthesis was carried out at 160 °C under continuous gel stirring at 400 rpm for 4 days. After synthesis, the zeolite cake was separated from the suspension by centrifugation and washed three times with deionized water. It was then dried at 80 °C under N2 flow overnight and calcined in air at 550 °C for 5 h in order to remove the SDA. NH4/SSZ-13 was obtained by ion exchange of the as-prepared Na/SSZ-13 zeolite with 0.5 M NH4NO3 solution at 80 °C for 5 h. The process was repeated three times.
Pd/Zeolite powders were obtained via incipient wetness impregnation with Pd(II) tetramine nitrate solution (10 wt %, Sigma) and NH4-forms of zeolites. Benefits of using palladium (II) tetra-amine nitrate precursor versus palladium nitrate as well as NH4-forms of zeolite were previously described by us in detail [10, 11, 17] . They were subsequently dried at 80 ºC and subsequently calcined at 600 ºC in static air. More specifically a minimum amount of the Pd(II) precursor solution was added to zeolite in the amount approximately equivalent to the total pore volume of the zeolite. The thick paste was mixed for 30 minutes, followed by calcination in air at 600 °C for 5 h (ramping rate 2 °C/min).
Hydrothermal aging (HTA) was performed at 750 ºC, 800, 815, 900 and 1,000 ºC for 16 hours in a flow reactor with GHSV ~ 340 K. The gas mix, used for HTA, containing air and 10% H2O in air.
The in situ transmission IR experiments were conducted in a home-built cell housed in the sample compartment of a Bruker Vertex 80 spectrometer, equipped with an MCT detector and operated at 4 cm -1 resolution. The powder sample was pressed onto a tungsten mesh which, in turn, was mounted onto a copper heating assembly attached to a ceramic feedthrough. The sample could be resistively heated, and the sample temperature was monitored by a thermocouple spot welded onto the top center of the W grid. The cold finger on the glass bulb containing CO was cooled with liquid nitrogen to eliminate any contamination originating from metal carbonyls, while NO was cleaned with multiple freeze-pump-thaw cycles. Prior to spectrum collection, a background with the activated (annealed, reduced or oxidized) sample in the IR beam was collected. Each spectrum reported is obtained by averaging 64 scans.
HAADF-STEM analysis was performed with a FEI Titan 80-300 microscope operated at 300 kV. The instrument is equipped with a CEOS GmbH double-hexapole aberration corrector for the probe-forming lens, which allows for imaging with 0.1 nm resolution in scanning transmission electron microscopy mode (STEM). The images were acquired with a high angle annular dark field (HAADF) detector with inner collection angle set to 52 mrad.
Helium ion microscopy (HIM) images were obtained using 35 keV He ions with 0.1 pA beam current at normal incidence. Secondary electrons were detected using an Everhart-Thornley detector. For HIM imaging, a very thin layer of carbon (<1 nm) was coated using a carbon sputter deposition system as the samples were completely insulating. The instrument resolution was 0.35 nm. A particle size distribution was obtained by visually measuring and analyzing 100 particles seen in the helium ion micrographs. 27 Al MAS NMR measurements were performed at room temperature on a Bruker 850 MHz NMR spectrometer, operating at a magnetic field of 19.975 T. The corresponding 27 Al Larmor frequency is 221.41259 MHz. All spectra were acquired at a sample spinning rate of 18.7 kHz (± 5 Hz) and externally referenced to 1.0 M aqueous Al(NO3)3 (0 ppm). The advantages of both enhanced spectral resolution and sensitivity for acquiring 27 Al MAS NMR at ultrahigh field (19.975 T) have been established previously.
Si MAS solid-state NMR experiments were performed on a Varian-Agilent Inova widebore 300 MHz NMR spectrometer and confirmed with a Bruker 600 MHz NMR spectrometer at higher field. 29 Si spectra were referenced to tetramethylsilane (TMS at 0 ppm).
Nitrogen adsorption isotherms were measured on Micrometrics ASAP 2020 BET analyzer.
Samples were degassed at 300 °C under vacuum for 3 hours prior to the measurement. The external surface area was calculated using the t-plot method. Single point adsorption close to p/p0 = 0.99 was used to determine the total pore volume.
X-ray diffraction (XRD) patterns were collected on a Rigaku Mini Flex II bench top X-ray diffractometer using a Cu-Kα radiation of 0.154056 nm (30 kV and 15 mA). Experiments were conducted on a powder sample holder in a 2θ range of 5-60°, with a step size of 0.02°/s. All measurements were performed under ambient conditions. Standard NOx adsorption tests were conducted in a plug-flow reactor system with powder samples (120 mg, 60-80 mesh) loaded in a quartz tube, using a synthetic gas mixture that contained 200 ppm of NOx or (200 ppm of NOx and 14% O2) balanced with N2 at a flow rate of 210 sccm (corresponding to 220,000 h -1 , in which we consider the density of zeolite to be ~2.1 g/cc). All the gas lines were heated to over 100 °C. Concentrations of reactants and products were measured by an online MKS MultiGas 2030 FTIR gas analyzer with a gas cell maintained at 191 °C. Even though it is preferable to use a pure NO feed for the study, the actual NOx feed contained ∼190 ppm of NO and ∼10 ppm of NO2, where the latter came from the NO source and background NO oxidation by the heated gas lines. Since realistic engine exhausts do contain ∼5% of NO2 in the total NOx, no effort was made to remove NO2 from our feed. Two four-way valves were used for gas switching between the reactor and the bypass.
Prior to storage testing at 100 °C, the sample was pretreated in 14% O2 balanced in N2 flow for 1 h at 550 °C and cooled to the target temperature in the same feed. The gas mixture was then switched from the reactor to the bypass, and 200 ppm of NOx was added to the mixture. Upon stabilization, the gas mixture was switched back from bypass to the reactor for storage testing for 10 min. The sample was then heated to 600 °C (or any desired temperature) at a rate of 10 °C/min to record the desorption profiles of gases in the effluent.
Standard methane oxidation tests were performed in a plug-flow reactor system with powder samples (60 mg, 60-80 mesh) loaded in a quartz reactor, using a synthetic gas mixture that contained 650 ppm methane, 5% carbon dioxide, 13% oxygen, 2.6 % water in nitrogen with GHSV ~ 600,000 hr -1 . Concentrations of reactants and products were measured by an online MKS MultiGas 2030 FTIR gas analyzer with a gas cell maintained at 191 °C.
RESULTS AND DISCUSSION

Synthesis of micron-sized SSZ-39 crystals
We optimized the hydrothermal synthesis procedure of Na-SSZ-39 from the synthesis gel with the following composition SiO2 : 0.033Al2O3 : 0.203NaOH : 0.203DMP : 9.2H2O.
Hydrothermal synthesis was performed under static conditions at 135-140 ºC for 3-9 days.
Analysis of the crystalline products with X-ray diffraction (XRD) revealed that the initial FAUcontaining phase completely disappeared after 9 days of hydrothermal synthesis ( Fig. 1 ), leaving only pure phase SSZ-39 (AEI) zeolite for two different batches of Na-SSZ-39 crystals synthesized in different autoclaves under the same conditions shows the same behavior consistent with reproducibility of the synthetic strategy utilized in our work. The obtained isotherm indicates the material is microporous with a high micropore volume of 0.3 ml/g and absence of mesoporosity (perfect crystals) and textural mesoporosity that is present in imperfect crystals and nanocrystals (textural mesoporosity), fully consistent with XRD data. Helium-ion microcopy data further corroborate the combined information obtained from XRD and N2 adsorption BET data ( Fig. 3 ). Large uniform crystals are obtained via this method. Fig. 3 . He ion microscopy images for Na-SSZ-39 with Si/Al ~12. materials ( Fig. 4 ). Moreover, 27 Al MAS NMR analysis of template free i.e. calcined at 540 o C samples showed negligible (~3%) formation of octahedral Al as a result of post-synthesis thermal treatment.
Fig. 4. XRD patters of Na-SSZ-39 (AEI framework) (black), after ammonium exchange (blue) and then calcination to produce H-form (red).
We chose the three-time ion exchange procedure with NH4NO3 in order to fully exchange sodium ions for ammonium, based on elemental analysis. Moreover, we emphasize that elemental analysis finds Si/Al ratio ~ 12 (not shown) consistent with the ratio inferred from high-field solid-state 27 Al and 29 Si NMR data [19] (Figs. 5,6). In summary, pure SSZ-39 crystals were prepared and extensively characterized. These crystals have high surface area (>700 m 2 /g), low external surface area (2.5-7 m 2 /g, from t-plot), micropore volume of 0.3 ml/g. They were subsequently used to prepare supported Pd/SSZ-39 materials. Based on our previous findings [5, [8] [9] [10] [11] , we prepared Pd/SSZ-39 material with Si/Al ratio ~12 and fixed the weight loading of Pd at 0.7 wt%. Previously, we showed that for similar structured zeolite SSZ-13 with Si/Al ratio ~12 nominally 1 wt% Pd/SSZ-13 sample has ~0.8 wt% Pd atomically dispersed and active for PNA; moreover, for Pd/BEA PNA with Si/Al ratios ~12-15 materials we found that progressive decrease of Pd loading from 1 to 0.3 wt% maximizes the amount of atomically dispersed Pd [9] . Thus, we fixed the Pd loading at 0.7 wt% to achieve maximum utilization of expensive Pd and avoid significant formation of PdO nanoparticles which are not active for PNA. The calculated NO/Pd ratio is ~0.9. Since only isolated Pd ions are active for PNA, this means the majority of Pd (at least 90%) is dispersed atomically in this sample, consistent with our synthetic expectations. Moreover, only 1 NO molecule can be adsorbed per 1 Pd atom [8] .
Low-temperature
Although for Pd/BEA system we were available to detect the formation of the first observed Pd(II)(NO)2 dinitrosyl complex in the presence of NO, these complexes were unstable with respect to temperature as well as under lower partial pressure of NO, and thus did not contribute to the observed PNA storage performance [9] .
Compared with Pd/SSZ-13 with Si/Al ratio ~12, the efficiency is similar, but the temperature of the release is different [8] for the two structures highlighting the differences between these two structures built using the same building D6r units.
Spectroscopic investigation of 0.7 wt% Pd/SSZ-39 using FTIR with NO and CO probe molecules.
In order to understand the Pd speciation in Pd/SSZ-39 materials, we performed FTIR measurements on the Pd/SSZ-39 samples (Si/Al = 12). We turned to infrared spectroscopy because it is the most sensitive technique that can provide a clear snapshot of each individual type of Pd species, be it ions or nanoparticles, with CO and NO probe molecules: the infra-red signature of chemisorbed CO and NO is very intense due to their high molar absorption coefficient [20, 21] . Furthermore, CO and NO adsorbed on different types of M cations have different spectroscopic signatures [22, 23] . For Metal/Zeolite systems we have previously successfully applied CO adsorption FTIR to demonstrate the first examples of a super electrophilic M ion ever observed (present in the micropore of a zeolite) [11, 40] , corrected the previously assigned Pd(III)(CO)2 and Pt(III)(CO)2 complexes to Pd(II)(CO)2 and Pt(II)(CO)2 [8, 11] and showed the selective formation of Pd(II)(NO)(CO) complexes [5, 8, 9] as well as changes occurring for Pd/Zeolite system during hydrothermal aging [10] . Therefore, it was Compared with our previous spectroscopy on Pd/SSZ-13 (1 wt% with Si/Al ratio 6) striking differences are observed [8, 11] . In our previous study, the majority of Pd (>95%) was present as Pd(II) ions held near two proximal Al sites (these sites do not necessarily have to belong to the same 6 or 8-membered ring, but can be two Al sites close enough to electrostatically tether extremely electrophilic Pd(II) species in a Pd/2-O-Zeolite charge transfer complex [8, 11] . The band that grows first upon CO adsorption is at 2127 cm -1 . At higher partial pressures of CO new bands develop: 2211 and 2190 cm -1 (belonging to Pd(II)(CO)2 species [8, 11] ) and the 2151 cm -1 band. Based on our previous studies supported by DFT calculations, we assign the 2127 band to Pd(II)(OH)(CO) complex (or alternatively Pd(II)(CO) complex) and the 2151 band to Pd(II)(OH)(CO) complex. New bands growing at higher partial pressures of CO are assigned to polycarbonyl Pd(II) complex Pd(II)(CO)3. The reason for this assigned is as follows: upon vacuuming, these 3 bands disappear in concert and this suggests they belong to Pd(II)(CO)3 species (Fig. 9 ) Three bands begin to grow simultaneously upon NO adsorption in the 1900-1800 cm -1 region. The bands in this region belong to NO chemisorbed on cationic Pd. We have previously shown that although these bands fall in the region typical for linearly adsorbed NO, NO in fact binds with its unpaired electron forming a fully covalent bond with an electron given by Pd(II) [8, 13, 11] : the formation of the strong covalent Pd-N bond in the bent Pd-N-O fragment is the reason why Pd ions in zeolite can function as low-temperature passive NOx adsorbers, i.e. bind NO at 100 ⁰C and release it above ~200 ⁰C. Using spectroscopy and DFT, we were able to identify different Pd(II)-NO complexes formed under various gas environments on BEA and SSZ-13 zeolites, including the first examples of Pd(II) carbonyl-olefin and Pd(II) nitrosyl-olefin species, in addition to Pd(II)-NO, Pd(I)-NO, Pd(II)(NO)2 (which forms only on BEA but not on SSZ-13) and Pd(II)(NO)(CO) (formed on all zeolites). [8, 9, 10, 11] Here, we have a diversity of Pd(II) sites present including Pd(II) and Pd(II)-OH. NO adsorption on Pd(II)-OH leads to the formation of Pd(II)(OH)(NO) complex with NO band at 1810 cm -1 . We have previously showed the band around ~1,800 cm -1 for Pd/SSZ-13 belongs to Pd(I)-NO. This band forms due to the ability of NO to reduce Pd(II) with the formation of Pd(I) center and NO + anchored on the neighboring O-Al site. Although this transformation has been suggested to take place before, very recently we proved that it indeed takes place spectroscopically for Pd(II)/SSZ-13 under exclusively dry and pure NO conditions: we pulsed NO on Pd(II)/SSZ-13 -as soon as the pressure stabilized with the formation of some specific amount of Pd(II)(NO) (band at 1,863 cm -1 ), we let this equilibrate and then when we took the next spectrum we observed a clear decrease of 1863 while the band at ~1,800 cm -1 of Pd(I)-NO increased; simultaneously, a different type of NO + species was formed with the signature at around 2,160 cm -1 [11] . This is completely analogous to the process of Cu(II) reduction with NO with the formation of Cu(I)-NO + fragments, with NO bound side-on [13] . Therefore, it would have been tempting to assign the 1,810 cm -1 band to the Pd(I)-NO complex.
However, in that case simultaneous formation of NO + should have been observed which was clearly not the case. Thus, we assign it to Pd(II)-OH species. The two bands at 1855 and 1865 cm -1 belong to two different Pd(II)-NO species (located in different crystallographic positions of zeolite).
After saturation of the sample with NO, we performed the subsequent CO adsorption (Fig.   11 ). It was previously shown by us that Pd(II)-NO in SSZ-13 upon CO adsorption selectively forms Pd(II)(CO)(NO) complex [8, 11] largely responsible for excellent performance of Pd(II)/SSZ-13 as a low temperature passive NOx adsorber (at 100 ⁰C). However, in this case, we observe the unselective formation of Pd(II)(CO)(NO) even at elevated CO pressures (up to 10 Tors dosed onto the sample). Clearly, the Pd(II)(OH)(NO) band is not to a significant extent perturbed by the CO adsorption, whereas the 1875 cm -1 band largely reacts with CO to form Pd(II)(CO)(NO). The ~1,865 cm -1 Pd(II)(NO) band is less responsive. Thus, under PNA conditions a multitude of species: Pd(II)(OH)(NO), Pd(II)(NO)(CO) and Pd(II)(NO) contribute to the observed adsorption behavior.
PNA performance of hydrothermally aged Pd/SSZ-39 materials.
One of the most important requirements for the materials to be used in automotive applications is their hydrothermal stability. We have previously showed that Pd/SSZ-13 materials with survive prolonged (16 hours However, when we aged our best Pd/SSZ-13 material at 800 ⁰C the severe performance loss was observed (~50 %). Therefore, we aged our Pd/SSZ-39 sample which contain different Pd(II) and Pd(II)-OH sites, at different temperatures and evaluated its performance (Fig 12) . in zeolite crystallinity is observed in XRD ( Fig. 15, vide infra) . Such changes occur because of the changes in the framework Al sites electronic environment. We probed these changes for Pd/SSZ-39 with high-field solid state NMR for sample aged at different temperatures because NMR technique is successfully applied to investigate both Al and other NMR-visible nuclei in various supported materials [24, 25, 26, 27, 40] . Indeed, we observe significant broadening of the Al T-sites in the 815 °C sample (Fig 13) . In the 900 °C aged sample, we observe another significant formation of a fraction of penta-
Al sites. The sample tested at these temperatures loses 85% of activity (Figs 13, 14) . To get more insight we performed HAADF-STEM imaging studies on the fresh and 900 °C aged samples with EDS mapping and collected XRD patterns for the crystals. The HAADF-STEM images of the fresh crystals agree very well with helium ion microscopy images and our conclusions regarding the as-prepared Pd/SSZ-39 materials: large cubic SSZ-39 crystals are formed with regular shapes (Fig 16) . The material is highly crystalline (Fig. 16, viewed To our surprise, we discovered essentially the same intact crystals with perfect crystallinity as evidenced by diffraction patterns and clear view of zeolite framework in HAADF-STEM images for the 900 C degree aged sample. Another important finding from the diffraction pattern is the presence of incommensurate lattice in the SSZ-39 sample (Fig. 17, top right) .
Presence of such lattice has never been previously observed or stated for SSZ-39 (or isostructural zeolites) although isostructural zeolite SAPO-18, for example, has been studied with electron microscopy [28] ; we note that the presence of incommensurate lattice may potentially be one of the factors contributing to such high stability of this material, because such lattice modulations have not been observed for SSZ-13 material (built of the same structural units and having essentially the same crystallographic density as SSZ-39): this point needs further investigation. However, as has been previously demonstrated in the pioneering studies by Derewinski, Barthomeuf and co-workers [29] [30] [31] [32] , the enhanced thermal stability of the larger zeolite crystals compared with nanosized analogues is the consequence of the absence of highindex facets and presence of mostly low-index facets having lower surface energy and thus increased thermal stability. It was also demonstrated that structure of another SAPO material i.e. SAPO-37 (FAU type structure) is resistant against high temperature (up to around 900 o C) pretreatment [29, 32] . Whereas, long-range ordering of the SAPO framework remains We also note absence of any phosphorus in elemental mapping of both fresh and aged material, meaning that presence of P compounds (such as phosphates) occluded from SDA remnants cannot be the reason for its superior hydrothermal stability. Al dispersion remains high with no visible clumping of Al in the EDS maps (note that the best EDS maps resolution is on the order of ~ nanometer). However, we learned from the NMR data that there are The same applies to H-SSZ-39 crystals hydrothermally aged for 16 hours at 1,000 ⁰C ( Fig.   15 ). In summary, Pd/SSZ-39 represents the most hydrothermally stable Pd/Zeolite materials known so far (in particular for PNA applications).
Pd/SSZ-39 employed for methane combustion.
Because Pd/SSZ-39 proved to be a material with outstanding hydrothermal stability, we applied it to catalytic methane combustion into carbon dioxide and water. Methane has ~25 higher impact as a green-house gas than carbon dioxide (the product of methane combustion), hence, it is important to abate it [33] . Pd/Alumina is widely used for methane combustion but it is unstable in the presence of water (quickly deteriorates) and its hydrothermal treatment leads to sintering of Pd into large inactive PdO particles [34, 35] . Dispersed PdO is an active phase for methane combustion, and Pd/Zeolites have previously received attention as potential methane combustion materials [36, 37, 38, 39] . We have previously described systematic structure-Si/Al ratio relationships for fixed Pd loading on SSZ-13 with varied Si/Al ratio from 6 to 12 to 30 [8] . We showed that the increase in Si/Al ratio results in higher hydrophobicity and progressive agglomeration of PdO (and concomitant loss of isolated Pd(II) in the zeolite micropores) on the external surface with the increase of Si/Al ratio [8, 11] . Olson and co-workers produced stable methane oxidation catalysts on the basis of Pd/SSZ-13 with high Si/Al ratio [36] . Because PdO is imperative for methane oxidation activity, we hypothesized that using Pd/SSZ-39 with Si/Al ~12 would provide a hydrothermally stable methane combustion material due to the high stability of the SSZ-39 framework. We prepared 3 wt% Pd/SSZ-39 with Si/Al~12 and applied it to methane combustion. Light-off curves for fresh 3 wt% Pd/SSZ-39 with Si/Al~15 are presented in Fig. 19 . We used high GHSV velocities ~ 600,000/hr in the presence of water steam to better understand the potential to use these materials under industrially relevant conditions [36] . Pd/Al2O3 performance constantly deteriorates and it gets quickly inactivated in steam. The Pd/SSZ-39 material is clearly active for complete methane combustion. After hydrothermal aging at 750 ⁰C the Pd/SSZ-39 curve slightly improved the performance in the low-temperature region and slightly-deteriorated the performance in the high temperature regions. After aging at 800 ⁰C, the Pd/SSZ-39 light-off curve shifted slightly to the right (by ~40 ⁰C at 50% conversion). The average methane level is around ~500 ppm. The initial methane level in the gas stream is ~630 ppm. The conversion ~ 20%.
We periodically switched off the water feed to see how the sample reacts to the dry feed and then turned it back on to see if the performance restores. Unsurprisingly, we found that under dry conditions the performance is better. However, the conversion shows a peculiar trend.
Under dry conditions, we observe very long times (~16 hrs) needed to stabilize the performance at a steady state. Since we know that the zeolite structure remains robust, these changes are associated with the formation of active PdO ensembles. The trend is completely reversible and switching water off and on results basically in the same behavior. Efforts are underway in our group to explain this phenomenon. The important conclusion is that we observe a stable performance with only ~3% decrease after 105 hrs on stream in this case. Thus, 3 wt% Pd/SSZ-39 material with Si/Al ~ 12 represents an attractive and, more importantly, hydrothermally very stable material compared to Pd/alumina and SSZ-13 systems with similar loadings of Pd.
Conclusions.
We showed the superior hydrothermal stability of Pd/SSZ-39 materials on the basis of large uniform SSZ-39 crystals for PNA performance and methane combustion. represents not only an attractive PNA but also an active and stable methane combustions catalyst even after prolonged hydrothermal aging at 800 ⁰C.
